2. Molecular modelling of ThioD in wt-PylRS. Figure S1 . A) Superposition of AMP-charged ThioD (orange) and a stable Pyl-AMP analog (green) bound to wt-PylRS (PDB: 2Q7H). Docking of ThioD and wt-PylRS was performed using AutoDock Vina.
1 B) Ligand interaction diagram of AMP-charged ThioD bound to wt-PylRS with a ligand-residue cutoff distance of 3 Å. Key receptor-ligand hydrogen bonds (< 2 Å) are depicted as dashed arrows. The Maestro ® software package was used to visualize the docking results.
3. ThioD stability study.
A solution of ThioD in phosphate buffer (60 mM, 7.1 pD) and a solution of glutathione (60 mM) in a phosphate buffer (30 mM, 7.2 pD) were prepared. 2,2-Dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) was used as an internal standard. The solutions were sparged, mixed together, and filtered through PTFE (0.2 µm) into a NMR tube filled with Ar. Gradual precipitation was observed and confirmed to be 11: 1 H NMR (400 MHz, D 2 O) δ 4.54 (dd, J = 7.1, 5.2 Hz, 1H), 3.83 -3.61 (m, 4H), 3 .28 (dd, J = 14.3, 4.5 Hz, 2H), 2.93 (m, 3H), 2.59 -2.44 (m, 2H), 2.14 (td, J = 7.6, 6.3 Hz, 2H). Aspartate (19 mM) was dissolved in phosphate buffer (7.1 pD); 1 H NMR (400 MHz, D 2 O) δ 3.90 (dd, J = 8.9, 3.8 Hz, 1H), 2.74 (dd, J = 8.9, 3.7 Hz, 2H). t 1/2 = 48 ± 1 h, n = 41; error in the half life was calculated as the combined uncertainty of the measurements. Figure S2 . Selected spectra from the stability study of ThioD: 1) t 0 + 5 min, 2) t 0 + 1 h, 3) t 0 + 23 h, and 4) t 0 + 36 h. HSQC confirmed that the multiplet at 3.10 ppm comprised only ThioD. The doublet of doublets at 2.82 ppm corresponds to L-aspartate. 4 . Direct evolution of PylRS mutants that selectively recognize ThioD.
The PylRS library inserts were constructed by overlapping PCR, digested with NdeI and PstI, and then inserted into pBK vector. The primers used are listed in Table S1 . 6. Investigation of incorporated ThioD stability on protein sfGFP-Y151ThioD. Figure S3 . The purified sfGFP-Y151ThioD at 0.1 mg/mL was incubated in pH 7.4 DPBS at 37 o C for 5 h or 20 h, and analyzed by ESI-QTOF mass spectrometry. The percentage of hydrolyzed protein was based on the integrated peak areas.
Condition used in Labelling of sfGFP-Y151ThioD
sfGFP-Y151ThioD (3.7 μM, 0.1 mg/mL) was treated with Fl-cys (100 equiv.) in 50 mM pH 7.4 phosphate buffer containing 25 mM TECP at 37 o C for 20 h. For the alkylation reaction, the above labelling product was subject to buffer exchange against DPBS to remove excessive amount of Fl-cys, and then the labelling product at 0.1 mg/mL was incubated with 15 mM iodoacetamide in pH 8 phosphate buffer containing 10 mM TCEP at room temperature for 1 h.
8. Synthesis of ThioD.
Scheme S1. Synthesis of ncAA 7 (ThioD). TsCl = tosyl chloride, TFA = trifluoroacetic acid, DIC = diisopropylcarbodiimide, DMAP = p-dimethylaminopyridine, and DMF = dimethylformamide.
Alcohol 9: A procedure for the preparation of cyclohexylchloroformate was adapted. 2 To a 1.35 M solution of triphosgene (9.00 g, 36.4 mmol) in dry CH 2 Cl 2 , was added dry 8 (9.9 mL, 0.11 mol) dropwise over 7 min with stirring in an ice bath. A solution of dry pyridine (8.8 mL, 0.11 mol) in dry CH 2 Cl 2 (5.4 mL) was added dropwise to the mixture over 35 min, and stirring continued for 2 h as the ice melted. The mixture was diluted with CH 2 Cl 2 (50 mL), and washed with ice cold H 2 O (3 x 25 mL). The organic phase was dried with CaCl 2 and concentrated to give crude cyclopentylchloroformate that was used without further purification. Ethanolamine hydrochloride (40 g, 0.41 mol) and NaOH (16 g, 0.41 mol) were dissolved in H 2 O (180 mL) and THF (100 mL) in a 2-neck RBF (500 mL) fitted with an egg shaped stir bar (3 x 1.5 2 cm). The solution was chilled in a brine/ice bath for 5 min. A solution of the cyclopentylchloroformate in THF (80 mL) was placed into an addition funnel and added dropwise to the ethanolamine for over 35 min with 500 RPM stirring. The solution was left to stir in the brine-ice bath for an additional 2 h, and then taken out of the ice bath and stirred for 1 h. EtOAc (300 mL) was added and the mixture was washed with 2N HCl (2 x 50 mL), H 2 O (3 x 50 mL), and the combined aqueous phases extracted with CH 2 Cl 2 (4 x 50 mL). Thiol 11: To a solution of 10 (1.20 g, 3.66 mmol) in anhydrous EtOH (6 mL) was added thiourea (0.462 g, 6.07 mmol) and the flask was heated to 75 o C with stirring for 18 h. EtOH removal afforded a light yellow oil. The oil was dissolved in CH 2 Cl 2 (14.5 mL) and to this was added a 1.0 M solution of Na 2 S 2 O 5 (11 mL). 4 The mixture was refluxed for 22 h with vigorous stirring. After cooling, the mixture was partitioned between CH 2 Cl 2 (10 mL) and brine (5 mL), and the aqueous layer was extracted with CH 2 Cl 2 (2 x 10 mL). The combined organic layers were dried with MgSO 4 , and concentrated. Flash chromatography (17 x 4.5 cm) was performed eluting with 100 mL each of 5% (3 x), 10% (2 x), 15% (5 x), 30% EtOAc/hexanes, and 100% EtOAc taking 20 mL fractions. Fractions 34 -47 afforded 11 as an oil (0.555 g, 80%). R f = 0.45 (30% EtOAc/hexanes). 
Thioacid route to 12:
The reported detritylation was modified by substituting triethylsilane for triisopropylsilane. 5 Boc-Asp(STrt)-OtBu (1.02 g, 1.78 mmol) was dissolved in dry CH 2 Cl 2 (39 mL), and the solution was sparged. With stirring, sparged Et 3 SiH (0.86 mL, 5.3 mmol) was added in one portion. The mixture was submerged in an ice bath and sparged TFA (1.40 mL) was added dropwise over 3 min. The ice bath was removed once the addition was complete, and the yellow solution stirred 5 additional min before co-evaporation with sparged toluene (4 mL). The yellow cation disappeared after 7 min. The resulting white solid was pumped for a period of 1.3 h at 200 mTorr, and sparged dry DMF (2.0 mL) was added after the flask was submerged in an ice bath for 5 min. K 2 CO 3 (4.85 g, 35.1 mmol) was calcined at 160 ºC, purged with Ar (3 x), and added in one portion; effervescence was observed. Crude 10 (1.29 g, 3.96 mmol) in dry DMF (0.75 mL) was added dropwise over 2 min. The slurry was allowed to warm as the ice bath melted, and stirred for 16 h. DMF was removed by evaporation with n-heptane (2 x 5 mL). The remaining mixture was partitioned between EtOAc (80 mL) and H 2 O (30 mL). The organic layer was washed with 2N H 2 SO 4 (5 mL), H 2 O (5 mL), and brine (5 mL ThioD 7: To a stirred, ice-cold solution of 12 (0.780 g, 1.69 mmol) in dry CH 2 Cl 2 (12.6 mL) was added Et 3 SiH (0.56 mL, 3.5 mmol, 2.1 equiv) in one portion, followed by the dropwise addition of TFA (4.2 mL) over 4 min. The solution was removed from the ice bath and allowed to stir for 24 h. The solvent was removed, and the residue co-evaporated with acetone (2 x 5 mL). MeOH (2 mL) was added, Et 2 O (5 mL) was added to complete precipitation, and the solvent was evaporated. Lastly, co-evaporation with 1:1 Et 2 O-acetone (10 mL), and the foam was suspended in EtOH (4 mL), Et 2 O (10 mL) was added to complete precipitation, followed by evaporation of the solvent. The resulting foam was triturated with 1:1 CH 2 Cl 2 -Et 2 O (2 x 4 mL), and the resulting solid was washed with n-pentane (2 x 5 mL) to afford 7 (0.608 g, 85%). 
